XRD θ-2θ profiles of the as-grown ZnO and BZO(0.02 and 0.06) films on Al 2 O 3 (0001) substrates are shown in Supplementary Fig. 1a . The diffracted (0002) peaks shift towards higher angles from 34.11° to 34.42° as the Be concentration increases. This reveals a decrease in the caxis lattice constant due to incorporation of smaller Be atoms into the host ZnO lattice. All of the diffracted peak positions for the (0002) plane of the as-grown films were at lower 2θ angles, compared to that of ZnO bulk (2θ = 34.42°). These diffraction features are associated primarily by two factors, (i) strain effects (i.e. a compressive strain of the in-plane lattice of the film) for the as-grown alloy film on the highly mismatched Al 2 O 3 (0001) substrate, and (ii) a small Be composition (≤ 6 %), as shown in the inset of Supplementary Fig. 1a . Such high biaxial lattice strain usually gives rise to a predominant expansion of the c-axis lattice parameter, particularly for strained films far away from the bulk ZnO parameters relative to the Be-induced lattice shrinkage. Furthermore, evidence of phase separation with a splitting of the (0002) diffraction peak was observed as the Be concentration increased to 6 %. This results from the local Be composition in the alloy films and a minimization of the total energy in the metastable alloys, e.g., elastic energy, interfacial energy, and surface energy [1] [2] [3] [4] , and the formation of a multi-phase crystallinity of the alloy film with compositional inhomogeneity. Hence, the Be composition in the as-grown alloy films was determined and compared with different compositions of x = 0.02 and ≈ 0.06 by applying Vegard's law 5 , as shown in Supplementary Fig. 1a .
2 reaches at 2θ = 34.42° of the bulk ZnO(0002) value. The multiple diffraction peaks of the asgrown BZO(0.06) film tend to be a single peak at T A ≥ 700 °C. These results clearly indicate that annealing induces strain relaxation and Be redistribution in these metastable alloy films on highly mismatched substrates. Extra diffraction peaks in both annealed films appear around 2θ = 41.0° at T A ≥ 800 °C. These peaks correspond to the wurtzite BeO(0002) indicative of the thermally-driven nucleation-and-growth of BeO nanoparticles (NPs) in the transformed alloy films. 
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Supplementary Information 2
The effects of thermal annealing on the optical absorption properties of the BZO(0.02 and 0.06) films was examined and compared to those of undoped ZnO. All of the as-grown and annealed films are highly transparent above 80 % in UV and visible range as shown in Fig. 2a .
The absorption coefficient, , of the films was calculated using optical transmittance spectra and Fig. 2b shows 2 as a function of photon energy for different Be concentrations and annealing temperature (T A ). The absorption edge is determined by linear extrapolation of the sharp onset to the horizontal portion of the spectra for the as-grown films and shifts to higher energies with Be composition. In addition, an increase in the tailing of the spectra is observed due to band gap widening and structural deterioration induced by the incorporation of Be in the host ZnO lattice (see Supplementary Fig. 1a ). Significant changes in the position and tailing of the optical absorption edge in both the ZnO and BZO films are also observed with increasing T A . The absorption edge (optical band gap energy) of the as-grown and annealed ZnO films, increases up to T A = 800 °C, while the energy decreases with further increase in T A ≥ 900 °C ( Supplementary Fig. 2c ). The former is due to an increase in thermally-induced donor-like point defects, a reduction in the carrier-trap centers (e.g. charged structural defects or grain boundaries), and subsequent conduction band-filling effects in the annealed undoped films 6 .
This corresponds to an increase in the carrier concentration in the films, which were determined by Hall effect measurements (see Zn ratio. The TPP-2M formula was employed to calculate the effective inelastic mean free path, λ eff , for the photo-emitted electrons from Be 1s by Al K α excitation energy using the approximated density of the BZO medium.
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Supplementary Information 4
Angle-dependent XPS O 1s spectra for the ZnO films annealed at T A = 600, 800, and 950 °C are shown in Supplementary Fig. 4a . From the fitting of the XPS spectra, the three convoluted 
